Hypercholesterolemia induces atheroma formation, and the concentration of sphingomyelin is increased compared with that in the normal aortic intima-media. The aortic intima-media sphingomyelin concentration appears to increase exponentially with time on the cholesterol diet. Moreover, the entry rate of serum sphingomyelin into the aortic wall also appears to increase exponentially with time on the cholesterol diet and with the extent of aortic exposure to hypercholesterolemia. M P-Phosphate incorporation into sphingomyelin and other phospholipids in the perfused rabbit aorta does not increase with atheromatosis, but the rate of sphingomyelin entry increases 27-fold during approximately the same period of atheroma formation and can account for all of the increase in sphingomyelin concentration in the intima-media.
sphingomyelin influx phospholipid synthesis phosphatidyl choline lysophosphatidyl choline jn increased concentration of sphingomyelin in arterial wall represents an important feature ;herogenesis (1), but such increases have also L demonstrated with aging in human aortas (2) . jsitive correlation exists between the cholescontent and the phospholipid content of athersrotic aortic lesions in both rabbits (3) and man •). Aortic phospholipids in cholesterol-fed rabare synthesized in situ (6, 7), but it has not L unequivocally established that this process is sole mechanism responsible for phospholipid stion in rabbit atherosclerotic lesions. Sphingolin deposition from the plasma compartment constitute another route of accumulation. To y this process, we injected lipoprotein-bound led sphingomyelin into rabbits, followed its rporation into aortic lesions, and compared the of entry determined by this method with the of sphingomyelin synthesis in perfused rabbit c atheromas.
Methods tiated sphingomyelin was biosynthesized in vivo he method of Rachmilewitz and co-workers (8). nant mice were maintained on a choline-deficient br the last 5 days of pregnancy and the first 5 days >m the Departments of Pathology and Physiological listry, College of Medicine, The Ohio State University, nbus, Ohio 43210. s work was supported by U. S. Public Health Service b HL-12386 from the National Heart and Lung Institute iy a grant from the Eastern Ohio Heart Association, ceived January 2, 1974. Accepted for publication mber 20, 1974. postpartum. On the second, third, and fourth days postpartum, 0.5 me of [methyl-3 H]choline chloride (New England Nuclear Corp.) at a specific radioactivity of 7.194 mc/mg was injected intraperitoneally into each mouse. During this time each mouse was allowed to nurse its litter. One day after the last injection of labeled choline, the postpartum mothers were killed with ethyl ether, and their liver lipids were extracted by finely dispersing the liver in one volume of methanol in a glass Teflon homogenizer. Two volumes of chloroform were added, and the mixture was allowed to stand overnight. The suspension was filtered, and the filtrate was washed three times with a methanol-0.6% NaCl in water-chloroform solution (48:47:3 v/v/v) according to the method of Folch and co-workers (9). The chloroform layer was dried under nitrogen, and the residue was redissolved in chloroform.
The phospholipids were separated from the neutral lipids by silicic acid chromatography (10) with 90-95% recoveries, and phospholipid classes were partially separated by an additional column chromatographic procedure. The sphingomyelin-containing fraction from this second separation was purified by repeated thin-layer chromatography on silica gel plates (Camag) according to the method of Skipski and co-workers (11). After drying, the plates were briefly exposed to iodine vapor, and the phospholipid spots were marked. To remove the iodine, the plate was exposed to a saturated solution of sodium thiosulfate at 45°C in a vacuum oven attached to a water pump. Elution of lipids from the silica gel with minimum degradation was achieved with a methanol-water solution (97:3 v/v) at 45°C for 30 minutes.
For labeling the serum with the purified sphingomyelin, blood (25 ml) was withdrawn by heart puncture from each rabbit, allowed to retract, and centrifuged at 600 g for 20 minutes to obtain serum. The disodium salt of ethylenediaminetetraacetic acid (EDTA) (200 /xg/ml) and Polymixin B (250 units) (Pfizer) were added to each milliliter of serum to stabilize and preserve the lipoproteins. The serum was filtered through a 0.45/x Millipore Millex with sterile technique. Tritiated sphingomyelin was spotted on 1 x 1-cm Whatman no. 1 paper and equilibrated with serum (10-30 ml) at 37°C for 2 hours in a Dubnoff shaker-water bath at 72 rpm. Under these conditions 30-80% of the 3 H-sphingomyelin transferred to the serum. Electrophoresis on agarose before and after equilibration showed no change in the lipoprotein pattern during the equilibration. When possible the donor serum (6-15 ml) was injected into the same rabbit. Blood samples were taken at 10 minutes and 1, 2, 4, and 8 hours, and the serum was stored at 0°C together with a portion of the donor serum for further processing. After the last sample had been withdrawn, the rabbit was killed by injecting sodium pentobarbital (50 mg/kg) in the ear vein, the aorta was removed, and the intima-media was stripped from the adventitia. The intima-media was rinsed with 0.9% NaCl and blotted; after the wet weight had been determined, the tissue lipids were extracted and freed of nonlipid as described previously. The chloroform layer containing the extracted lipids was dried under nitrogen, and the residue was dissolved in XDC scintillation mixture (naphthalene 112 g, 2,5-bis[2-(5-tert-butyl benzozyazolyl)]-thiophene 4 g, 1, 4-dioxane 600 ml, xylene 200 ml, 2ethoxyethanol 600 ml) for the assay of radioactivity. Quench correction of radioactivity in the samples was by the channel ratios technique.
After assay of radioactivity, the XDC scintillation mixture was evaporated under nitrogen, and the residue was taken up in chloroform. Neutral lipids were separated from phospholipids, and phospholipid classes were separated by thin-layer chromatography as described previously. Phospholipid was determined by the method of Gottfried (12).
One part of the serum was mixed with 20 parts of a chloroform-methanol solution (2:1 v/v) and kept overnight. The serum lipid extract was washed as described earlier. A portion of the unseparated lipid was analyzed for radioactivity; the remainder of the chloroform solution was taken to dryness under nitrogen. The lipid residue was redissolved in a small volume of chloroform, and the dissolved lipid was applied to a silicic acid column for the separation of neutral lipids and phospholipids as described earlier. The eluted phospholipid was further fractionated into classes by thin-layer chromatography as previously described. After extraction of the phospholipid class from the silica gel, portions were taken for radioactivity and phosphorus assays.
To determine aortic exposure to hypercholesterolemia, blood was withdrawn from all cholesterol-fed rabbits that were recipients of 3 H-sphingomyelin. The serum cholesterol was extracted and analyzed by the method of Parekh and Jung (13). The cholesterol concentrations were plotted as a function of days on the cholesterol-containing diet, and the area under the curve (days x cholesterol concentration) was defined as cholesterol exposure.
For determination of phospholipid biosynthesis in the perfused aortic intima-media, five rabbits maintained on a cholesterol-containing diet for 5 months and three controls fed Purina rabbit chow were used. Each rabbit was killed by introducing a bolus of air into an ear vein. The aorta was removed immediately, mounted on one end of a cannula, rinsed with Medium 199 tissue culture fluid (Grand Island Biological Co.), and perfused with Medium 199 containing 0.5 me of 32 P-Circulation Research, Vol. 36, February 1975 phosphate (Phosphotope, Squibb) and saturated with 95% O 2 -5% CO 2 . The medium pH was maintained at 7.4 by regulating the gas flow. Aortic sections were taken at 2, 3, 4, and 5 hours. A small portion of each section was preserved in 10% Formalin for histological examination. After staining with hematoxyltn and eosin and examination at 440 x, no modification of morphology compared with that of an unperfused aortic section was observed. The sections were immersed immediately in fresh ice-cold Medium 199 and washed with the same ice-cold medium. The intima-media was processed by the procedure described earlier in this section except that for control aortas 25 fig each of lysolecithin, sphingomyelin, lecithin, phosphatidyl inositol, and phosphatidyl ethanolamine (General Biochemicals) was added to the chloroform layer after washing with the upper phase solvents. The biosynthetic rate was calculated after radioassay of 32 P and the determination of lipid phosphate. The phosphate incorporation into sphingomyelin and other phospholipids was computed by dividing the total radioactivity at 2, 3, 4, and 5 hours by the wet weight of the aortic intima-media and by the specific radioactivity of the phosphate in the perfusion fluid (Medium 199). The incorporation of inorganic phosphate into sphingomyelin was plotted against time of exposure, a least mean square method was used to establish a line, and the incorporation rate was determined from the slope of that line (14, pp 121-122) . Total aortic cholesterol was determined by gasliquid chromatography; samples, standards, and blanks were taken to dryness, and 1 ml of 2% KOH in ethanol was added. Then 2 ml of hexane (Pierce nanograde) containing 0.4 £ig/ml of cholestane was added, the mixture was vortexed for 15 seconds, 1 ml of water was added, and the mixture was vortexed again for 15 seconds. The phases were allowed to separate, a part of the hexane phase was decanted into a Microflex tube, and the hexane was allowed to evaporate in an air stream. The concentrated sample was injected onto a 3% Silar 5 CP column on 80/100 mesh Gas-chrom Q in a Hewlett-Packard 402 gas-liquid chromatograph at 200°C in a helium-carrier gas stream at a flow rate of 50 ml/min. Peak areas were quantified by multiplying the peak heights by the retention times. With cholestane as an internal standard, the peak areas of all standards were computed as a least mean square fit of a straight line; all samples were computed based on the equation of this line.
The tests of hypotheses concerning the means of samples of two populations were by Student's t-test (14, pp 191-193) . Tests for linearity of regression were by an analysis of variance technique (14, pp 197-198) . For one comparison, nonparametric statistical rank-sum tests were employed (14, p 289).
Results
Assays of sphingomyelin concentration and metabolism in the aortic intima-media in vivo and in vitro were performed in control rabbits and in rabbits fed cholesterol for up to 4 months (Table 1) . In previous studies it has been shown that the total phospholipid appears to increase exponentially. A simple linear regression with time on the cholesterol diet of the aortic intima-media sphin- tFive animals in the group, 5 months on the cholesterol-containing diet; statistically significant (with nonparametric rank-sum test), a < 0.036 aortic intima-media uptake of 3 Hsphingomyelin after 4 months of cholesterol feeding vs. 32 P incorporation into aortic intimamedia sphingomyelin after 5 months of cholesterol feeding. gomyelin phosphate concentrations transformed to log 10 confirmed that these transformed concentrations were direct functions of time on the diet (F ratio = 13.16, df 1, 10 for P < 0.01, the critical F ratio = 10.00, y = 0.0045x + 0.13) and that aortic sphingomyelin appeared to increase exponentially.
This accumulation of sphingomyelin in the aortic wall could be due to entry from the serum compartment, de novo synthesis in the arterial wall, or some combination of entry and synthesis. To ascertain the contribution from the serum compartment, labeled sphingomyelin was injected into three normal and nine atherosclerotic rabbits exposed to cholesterol for up to 4 months.
The entry rate of serum sphingomyelin was determined as follows. The specific radioactivities of serum sphingomyelin were plotted as a function of time, and the average specific radioactivity, calculated from the area under the curve, and the hours of perfusion were divided into the total radioactivity found in the aorta. Fractional turnover was expressed as a ratio of the aortic intima-media specific radioactivity of sphingomyelin to the average serum specific radioactivity of sphingomyelin.
Entry rates of sphingomyelin into the aortic intima-media of rabbits fed cholesterol for 1-4 months were significantly different from those of control rabbits (Table 1) . No transfer of aortic intima-media sphingomyelin 3 H-choline to other arterial phospholipids was detected. A simple linear regression of entry rates of serum sphingomyelin into the aortic intima-media after transformation to log 10 of the original rates showed that this entry rate was dependent on exposure to elevated serum cholesterol levels (F ratio = 5.40, df 1, 10 for P < 0.05, critical F ratio = 4.96, y = 0.098x + 0.75) and on the time of cholesterol feeding per se (F ratio = 11.02, df 1, 10 P < 0.01, critical F ratio = 10.00, y = 0.0030x + 0.98).
To determine the contribution of de novo synthesis of aortic sphingomyelin to the net aortic accumulation of this lipid, aortas were perfused with a medium containing K P. This design was employed Circulation Research, Vol. 36, February 1975 so that there would be a good possibility in this closed system of having the precursor inorganic phosphate of the same specific activity as the possible immediate precursor cytodine diphosphocholine or sphingosine phosphorylcholine. Segments of the artery were removed from the perfusion apparatus, and the incorporation of ^P into various phospholipids was determined at hourly intervals. Table 1 shows that no significant change in the synthetic rate of sphingomyelin was demonstrable due to atheromatosis (t of control vs. atheroma 1.70, critical t = 2.447 a t P < 0.05). The ratio of the synthetic rate to the influx rate was 0.0036. To assess the relevance of 32 P incorporation into sphingomyelin, this observation should be studied in the context of total phospholipid synthesis in the arterial wall. A comparison of the amount of radioactivity in the phospholipids from normal and atheromatous aortas ( Table 2) showed that there was no significant increase in synthesis in any of the phospholipid classes due to atheromatosis even though the mean synthetic rate was doubled with atheromatosis. In both the normal and the atheromatous intima-media, lecithin had the highest synthetic rate with phosphatidyl inositol next in the atheromatous aorta. Phosphatidyl inositol and sphingomyelin were next highest in M P incorporation in the normal aorta. The lowest rate of synthesis was in the lysolecithin fraction in both the normal and the atheromatous aortic intime-media.
SPHINGOMYELIN INFLUX AND SYNTHESIS
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Gross observation of the atheromatous segments
Circulation Research, Vol. 36, February 1975 of aortas used for the 32 P incorporation-perfusion studies showed large geographic variations in fatty streaks within the same aorta. Determination of cholesterol concentration in the aorta was considered to be a valid measure of this variation in the fatty streaks. Table 3 shows the degree of variation in cholesterol concentration in the aorta. However, calculation of phosphoiipid synthesis per aortic intima-media cholesterol concentration (Table 2) did not improve the coefficient of variation significantly. Therefore, we conclude that phospholipid biosynthesis is not dependent on aortic intimamedia cholesterol concentrations.
Discussion
It has been shown that during atheromatosis, sphingomyelin appears to increase. This accretion of sphingomyelin is comparable to the exponential increase in rabbit aortic phospholipids during atheromatosis found by Newman and Zilversmit (15). A number of investigators have observed increases in total phospholipids (3, 6, 16-18) and sphingomyelin (3, 17, 18) . The increase in sphingomyelin parallels the apparently exponential increase in both cholesterol and cholesterol ester (15, 19) . Aging in humans also gives increases in aortic sphingomyelin, but this increase is coupled with parallel increases in aortic cholesterol in the artery (2). Higher sphingomyelin concentrations in the arterial wall occur concurrently with an apparently exponential elevation in sphingomyelin in- flux into the aortic intima-media. This increase is dependent on both time of exposure to cholesterol diet and extent of exposure to elevated serum cholesterol concentrations.
To determine the possible source of this increase, synthetic rates for sphingomyelin in the aortic intima-media were compared using tissue from normal and atheromatous rabbits. There was no significant change in the sphingomyelin synthesis rate due to atheromatosis in the aortic intimamedia. This observation has also been made by Morin (18) who used incubations with l4 C-choline and 3 H-acetate as precursors to study phospholipid biosynthesis in normal and atheromatous rabbit aortas. In earlier studies, McCandless and Zilversmit (17), Newman et al. (20) , and Bowyer and coworkers (21) have shown enhanced incorporation of precursors into aortic sphingomyelin during atheromatosis.
The discrepancies in the findings from these studies may be attributed to differences in (1) precursors, (2) conditions of label introduction, and (3) the tissue employed for metabolic studies. and Bowyer and co-workers (21) used the whole thoracic aorta with potential periarterial tissue contaminants, whereas in the studies of Morin (18) and the present investigation only intima-media portions were used.
The sphingomyelin entry rate into the aortic intima-media was 272 times the synthetic rate measured in our perfusion studies of atheromatous rabbit aortas. The overall synthetic rate for phos-pholipids in our perfusion system was 18.5 nmoles/ hour g" 1 wet weight of aortic intima-media, which is about one-twentieth of that obtained by Zilversmit and co-workers (6,16), who made their observations on whole aortic tissue in intact rabbits. It is possible that in the perfusion system in the absence of serum there is an overall reduction in phospholipid synthesis in both normal and atherosclerotic rabbits. This overall reduction has also been observed by Bowyer and co-workers (21). If it is assumed that the variation in phospholipid synthesis is proportionate for all phospholipid classes, then 14.3 nmoles of sphingomyelin would be synthesized per hour in vivo per gram of rabbit atheromatous aortic intima-media. This synthetic rate is still only 8% of the serum sphingomyelin entry rate.
Since the studies of Eisenberg and co-workers (22) show no decrease in sphingomyelin degradation during atheromatosis in rabbits, although decreases in human aortas have been observed (2), we assume that entry from the serum accounts for most of the increased content of sphingomyelin in the aorta of the rabbit during atheromatosis. This finding is in accord with the similarity in fatty acid composition of rabbit serum and aortic atheroma sphingomyelin. In contrast are the more significant differences in fatty acid composition of lecithin in serum and rabbit atheroma (23).
The present findings support the concepts of lipid accretion elucidated by Portman (24) and the relationship he demonstrated between net accumulation of sphingomyelin and hypercholesterolemia.
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